Fragile X syndrome is associated with an unstable CGG repeat sequence in the 5 0 untranslated region of the first exon of the FMR1 gene. The present study involved the evaluation of factors implicated in CGG repeat stability in a normal sample from two Basque valleys (Markina and Arratia), to discover whether the Basque population shows allelic diversity and to identify factors involved, by using the data in conjunction with previous findings. The study was based on a sample of 204 and 58 X chromosomes from the Markina and Arratia valleys, respectively. The CGG repeat, the AGG interspersion and two flanking microsatellite markers, FRAX-AC1 and DXS548, were examined. In the Markina valley, gray zone alleles (X35 CGG repeats) were associated with anchoring AGGs, with the longest 3 0 pure CGG repeats of the valley ( ¼ 15), with the 5 0 instability structure 9+n and with one principal fragile X FRAXAC1-DXS548 haplotype 42-50. In the Arratia valley, gray zone alleles (X35 CGG repeats) showed the highest frequency among the Basque samples analyzed, and were associated with anchoring AGGs, with the longest 3 0 pure repeats (X20), with the 5 0 instability structure 9+n and with one 'normal' FRAXAC1-DXS548 haplotype 38-40 (these data from Arratia suggest the existence of a 'protective' haplotype). The results showed, on the one hand, differences between Markina and Arratia in factors implicated in CGG repeat instability and, on the other hand, a great similarity between the general Basque sample from Biscay and the Markina valley.
Introduction
Fragile X syndrome is probably the most common of the 202 X-linked mental retardation diseases (Chiurazzi et al, 2001) . It is caused primarily by a single type of mutation, the unstable expansion of a CGG trinucleotide repeat sequence found in the 5 0 untranslated region of the fragile X mental retardation-1 (FMR1) gene (Verkerk et al, 1991) . The location of this mutation coincides with a rare fragile site at Xq27.3 (FRAXA).
There are essentially three forms of the CGG repeat region found in populations, referred to as 'normal', 'premutation' and 'full mutation'. The normal form is polymorphic and contains from 6 to B60 repeats. These alleles are usually transmitted from parent to offspring in a stable manner . The premutation form is found in male or female individuals who normally do not exhibit any obvious clinical symptoms related to the mutation, and repeat sizes usually range from B60 to 200 repeats. Premutations have been shown to be unstable when passed from parent to offspring; the risk of expanding to the full mutation is correlated with the size of the repeat and the sex of the transmitting parent Heitz et al, 1992) . The underlying molecular mechanism of the transition from normal to premutated alleles remains to be solved and no exact border exists between these two allele classes (Fisch et al, 1994) . The term gray zone has been used to define alleles with sizes at high range of normal alleles (35-60 repeats) for which the stability upon transmission is uncertain. The full mutation form consists of over 200 repeats (up to 1000 or more). Only the full mutation is associated with clinical and cytogenetic expression of the fragile X syndrome (Rousseau et al, 1991) .
Sequence analysis of the CGG repeat array revealed that the repeat is not pure but is periodically interspersed with AGGs. Normally, a single AGG interrupts the repeat sequence every 9-10 CGG repeats (Kunst and Warren, 1994) . Although repeat sizes within the normal range often contain two AGG interruptions, premutated alleles have either no AGG or only a single AGG interruption at the 5 0 end of the repeat (Eichler et al, 1994; Snow et al, 1994) . Because of these observations, it has been hypothesized that the length of uninterrupted CGG repeats on the 3 0 end of the repeat determines the susceptibility to instability. More specifically, family and population studies have suggested that alleles with a tract of 424 pure CGG repeats at the 3 0 end of the structure may be predisposed to expansion to the premutation state (Kunst and Warren, 1994; Eichler et al, 1994; Sullivan et al, 2002) . It has also been proposed that the 5 0 end of the CGG repeat, specifically the position of the first AGG interruption, might be another factor for instability (Eichler et al, 1994; Snow et al, 1994; Gunter et al, 1998) .
In addition to the size of the alleles and the lack of AGG interruptions, results from haplotype studies of CGG flanking markers have suggested possible cis-acting factors influencing CGG repeat stability. DXS548 (Riggins et al, 1992) and FRAXAC1 , two dinucleotide (CA) repeat markers 150 and 7 kb, respectively, proximal to the CGG repeat, have been the most characterized marker loci used in association studies. Haplotype construction with these markers has revealed linkage disequilibrium between the normal, stable alleles as well as the unstable CGG repeat alleles among individuals with fragile X syndrome in studies of European populations from France and Spain (Oudet et al, 1993a) , Belgium and the Netherlands (Buyle et al, 1993) , Northern Europe (Riggins et al, 1992) , Italy (Chiurazzi et al, 1996a) , United Kingdom (Macpherson et al, 1994) , Sweden (Malmgren et al, 1994) , Finland (Oudet et al, 1993b; Haataja et al, 1994; Zhong et al, 1996) , Greece and Cyprus (Patsalis et al, 1999) and Denmark (Larsen et al, 1999 (Larsen et al, , 2000 .
We recently investigated the prevalence of fragile X syndrome among mentally retarded individuals of Basque and non-Basque origin from institutions and special schools from the Biscay province in the Spanish Basque Country (Arrieta et al, 1999a) . The results of cytogenetic and molecular analyses showed that the frequency of the FRAXA full mutation in individuals of non-Basque origin (10.20%) was in the range of other Spanish populations analyzed from institutions and special schools outside of Spanish Basque Country (6.40-12%). In the sample of Basque origin, however, we did not find the FRAXA site expression; besides their repeat size was among the lower normal range. In another previous work (Arrieta et al, 1999b) , we tested whether the results obtained in the mentally retarded individuals of Basque origin could be related to a low incidence of 'predisposing' normal alleles for repeat instability. For this purpose, we analyzed a normal Basque sample for all of the Biscay province. The data obtained suggest that the overall repeat size and the AGG interspersion pattern could be a pivotal determinant of both stability and predisposition to disease in Basques. This did not seem to be associated with the flanking microsatellite markers. In the present work, we extend the study to a sample from Markina and Arratia, two different and isolated Basque valleys from the Biscay province, to know whether the Basque population from Biscay shows allelic diversity and to identify the factors involved, by using the data in conjunction with the previous findings from the general sample.
Surveys for (CGG) n repeats in the FMR1 gene and their flanking (CA) n haplotypes have shown that allele differences are not only present in different populations (Chiurazzi et al, 1996b; Tolmacheva and Nazarenko, 2002) but are also evident between groups within a population (Syrrou et al, 1998) .
Materials and methods

Blood samples
Blood samples were obtained from 262 normal, healthy and unrelated male individuals of Basque origin, 204 from Markina and 58 from Arratia. Although the sample size of Arratia valley might seem to be relatively small, the sample constitutes a solid proportion of the Basque origin population in that valley.
The Basque origin of each individual was confirmed by both their surnames and birth place and by the paternal and maternal grandparents' and great-grandparents' surnames. Apart from the proven usefulness of surnames in a sample selection (Piazza et al, 1987) , Basque surnames constitute a good criterion because they are very different not only from those of other Spanish populations but also from valley to valley within the Basque Country. Therefore, an individual is considered autochthonous of one valley if his grandparents and great-grandparents were born in that valley and if his Basque surnames are characteristic of that valley (in Spain, both the father's and the mother's surnames are used in a sequential order, so it is easy to ascertain the grandparents' and/or the great-grandparents' surnames).
DNA analyses
Genomic DNA was extracted from peripheral blood leukocytes according to standard procedures (Sambrook et al, 1989) .
The copy number of the CGG repeat was determined by measuring the length of the DNA product of the polymerase chain reaction (PCR). PCR amplifications of FMR1 CGG repeats were carried out in a Perkin-Elmer 2400 GeneAmp PCR system (PE Applied Biosystems) according to the method by Brown et al (1993) with minor modifications, by using the primers recommended by Fu et al (1991) . Then, 4 ml of the PCR product was sized on a 6% denaturing DNA sequencing gel allowing the resolution to individual triplets. Consistency of allele denomination was ensured by typing control DNAs kindly provided by Dr S Castedo (Medical Genetic Director, IPO, Porto, Portugal).
The FRAXAC1 polymorphism was detected by a modified PCR method using primers described by Zhong et al (1993) . The DXS548 polymorphism was detected by a modified PCR method (Riggins et al, 1992) using primers described by Chiurazzi et al (1996a) . Consistency of allele denomination was ensured by typing control DNAs kindly provided by Dr JN Macpherson (Salisbury Hospital, Salisbury, England) and by Dr K Grnskov (The John F Kennedy Institute, Glostrup, Denmark). The CA repeats nomenclature proposed by Chiurazzi et al (1999) was used.
Analyses of AGG interruptions of FMR1 CGG repeats were carried out by using a high pure PCR product purification kit (Boehringer Mannheim). Sequencing analysis was performed on the purified PCR products with an Ampli Taq FS Big Dye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems).
Statistical methods
Statistical methods used in the data analysis were the following: to assess the polymorphism of the loci, Nei 0 s (1978) unbiased estimate of expected heterozygosity was calculated; to examine the allele size association among loci and the allele distribution between valleys, Fisher's exact test was used (by the software GENEPOP). Figure 1 shows the frequency distribution of allele sizes. There were 18 and 14 different alleles in Markina and Arratia, respectively, with repeat sizes ranging from 19 to 37 triplets in Markina and from 20 to 43 in Arratia.
Results
Allelic distribution of FMR1 CGG repeats
Just 2.45% of the sample had alleles in the gray zone in Markina, while the frequency of gray zone alleles in Arratia was 12.07%, with seven chromosomes. This frequency was 4.54% in the general Basque sample from Biscay. The heterozygosity of this locus was slightly lower in Markina than in Arratia (76.71 and 78.89%, respectively) and was very similar in the general Basque population from Biscay (77.78%). Table 2) .
In relation to the AGG position, 10 different alleles were observed. Only three chromosomes without AGGs were observed. Most alleles (187, 71.37%) possessed substructures of the type (CGG) 10 AGG(CGG) 9 AGG (CGG) n (10+9+n) or (CGG) 10 AGG(CGG) n (10+n).
The distribution of haplotypes and AGG interspersion pattern among normal CGG repeat alleles has been examined for each Basque sample individually (data not shown) and no striking differences occur between these subpopulations.
We determined the 3 0 pure CGG repeat length and divided this into two groups, one with a pure 3 0 CGG repeat length of o20 (normal) and another with a pure 3 0 CGG repeat length within the range of 20-30 (intermediate). Just 0.81% of alleles were found to have a 3 0 pure CGG repeat length X20.
FRAXAC1-DXS548 haplotypes and AGG interspersion pattern among CGG gray zone repeats
The distribution of haplotypes and AGG interspersion pattern within gray zone CGG repeat alleles are shown in Table 2 . In Markina, as in the general Basque sample from Biscay, the most common haplotype was 42-50 (60 and 52.82%, respectively). In Arratia, however, the most common one was haplotype 38-40 (71.44%).
Haplotypes 36-48, 36-50 and 42-50 showed a significant association with gray zone CGG repeat numbers in Markina (po0.05, po0.05 and po0.001, respectively, Fisher's exact test). However, only haplotypes 36-48 and 42-48 showed a significant association in Arratia (po0.05 and po0.05, respectively, Fisher's exact test).
Among gray zone alleles, 80 and 85.71% had a double interruption and 20 and 14.29% had a triple interruption in Markina and Arratia, respectively. A direct relation between FMR1 CGG repeat and the 3 0 pure repeat length was observed. In this way, 33.33% of gray zone alleles were found to have a 3 0 pure CGG repeat length X20. Moreover, all alleles with a 3 0 pure CGG repeat length X20 appeared in Arratia valley. Also in Arratia, the most frequent FRAXAC1-DXS548 haplotype 38-40 was associated in all cases with the 3 0 pure repeat length X20.
Discussion
The FMR1 CGG repeat and two flanking microsatellite loci, FRAXAC1 and DXS548, were analyzed in a sample from two Basque valleys. Basques are an ancient population now living in the west of the Pyrenees mountains, and they speak an ancient language with very distinct characteristics from the surrounding Figure 1 Distribution of FMR1 alleles in Markina and Arratia valleys.
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populations. The Basque language, 'Euskara', is an extreme case of a relic language that has survived through thousands of years of continuous linguistic turnover in neighboring regions (Cavalli-Sforza, 1991).
According to Cavalli-Sforza and Piazza (1993) , 'conservation of a distinct language must have been an important factor in maintaining social and genetic identity'. Although it might seem difficult to delimit a series of natural regions, in the Basque Country it is possible to distinguish a series of valleys with common features but a clear peculiarity that makes them different.
The study was performed in two valleys from Biscay province, Markina and Arratia. The orography of this province, with 80 km of coast and several rivers, has caused the appearance of these valleys, each of them with their own resources and a relative isolation until recent times. Markina is sited in the northeast side. This region shows isolating features because of the presence of a range parallel to the sea. Arratia is located in the south of the province between a river and a range, and also shows isolating features. Farming and cattle breeding have been very important until the beginning of the 20th century. The study involved the evaluation of factors implicated in CGG repeat instability to discover whether the Basque population shows allelic diversity, by using the data in conjunction with previous findings (Arrieta et al, 1999b) . In order to determine the nature of those factors, following Patsalis et al (1999) answers to the following questions were sought in each of the analyzed valleys: (1) Allele nomenclature of haplotypes according to Chiurazzi et al (1999) . Percentage values are indicated in parentheses. The position of an AGG is designated by a plus sign (+), the number refers to the triplet length of uninterrupted CGG repeats and n is the remaining number of uninterrupted repeats. Allele nomenclature according to Chiurazzi et al (1999) . The position of an AGG is designated by a plus sign (+) and the number refers to the triplet length of uninterrupted CGG repeats.
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What is the distribution of the CGG repeat? (2) What is the frequency of the gray zone alleles (X35 CGG)? (3) Are the gray zone alleles associated with long pure CGG regions with an absence of AGG interspersion, as compared with the normal alleles (o35 CGG)? (4) Is there any site specificity as regards where long pure CGG regions occur within gray zone alleles? (5) Is there any site specificity as regards where instability factors occur within gray zone alleles? (6) Are gray zone alleles associated with particular FRAXAC1-DXS548 haplotypes? (7) Are long pure CGG repeat regions associated with particular haplotypes?
The distribution of CGG repeats was similar to the general Basque sample from Biscay previously analyzed, and the same mode as in other European populations was observed (Macpherson et al, 1994; Chiurazzi et al, 1996a; Syrrou et al, 1996; Zhong et al, 1996; Arrieta et al, 1999b; Patsalis et al, 1999; Larsen et al, 2000) .
The estimated frequencies of gray zone alleles in the general population were 2.50% (Morris et al, 1995) . The gray zone frequencies in Markina were comparable with those of Morris et al (1995) and were slightly lower than those of the general sample from Biscay. Of note was the finding of 12.07% of chromosomes in the gray zone in Arratia. As the term gray zone has been used to define alleles for which the stability upon transmission is uncertain, this finding could indicate that there is a higher pool of high-risk alleles that might expand to the premutation range in Arratia valley.
As in the general sample previously analyzed, gray zone alleles devoid of AGG interruptions were not found in the Markina and Arratia valleys. Only three normal alleles, two in Markina and one in Arratia, were devoid of AGG interruptions.
One normal allele and four gray zone alleles had X20 pure repeats at the 3 0 end, and all of them were observed in Arratia valley. These results suggest that, compared with Markina, Arratia valley may have a slightly increased frequency of instability alleles, as defined by 3 0 purity CGG repeats. According to Crawford et al (2000) if 9+n structures (with the first AGG interruption in the 10th position) were inherently more unstable than 10+n structures (with the first AGG interruption in the 11th position), one might expect to see an overabundance of 9+n structures among gray zone alleles. In fact, 100% of gray zone alleles had 9+n structures in both valleys, whereas 75.89% of normal alleles in Markina and 76.47% in Arratia were found to have the 10+n structures. A population study by Eichler et al (1996) suggested a higher instability for alleles 9+n than for alleles 9+9+n. Overall, 80% of gray zone alleles in Markina and 85.71% in Arratia were found to have the 9+n structures.
According to these results, the length of the 3 0 pure CGG repeat region and position of the 5 0 -most AGG suggested site specificity with regard to where expansion and susceptibility to instability could occur within the AGG pattern in the valleys.
A significant positive association between one of the most prevalent fragile X FRAXAC1-DXS548 haplotypes 42-50 and the gray zone alleles (X35 CGG repeats) and between the 'normal' FRAXAC1-DXS548 haplotype 38-40 and the lowest CGG repeats (o35) was found in Markina. These results agree with the Basque sample previously analyzed and with other European populations (Arrieta et al, 1999b; Larsen et al, 2000) . Also in Markina, a significant association was found between the haplotype 42-50 and the longest 3 0 pure repeats ( ¼ 15). In Arratia, however, gray zone alleles (X35 CGG repeats) were not associated with the FRAXAC1-DXS548 haplotype 42-50, the FRAXAC1-DXS548 haplotype 38-40 had the same relation with gray zone and normal CGG alleles, and this haplotype was associated in all cases with the longest 3 0 pure repeats (X20). These results suggest that, as compared with Arratia, the Markina valley may have a slightly increased frequency of susceptibility to instability alleles, as defined by microsatellite FRAXAC1 and DXS548 alleles and haplotypes.
Conclusions
In Markina valley, gray zone alleles (X35 CGG repeats) were associated with anchoring AGGs, with the longest 3 0 pure CGG repeats of the valley ( ¼ 15), with the 5 0 instability structure 9+n and with one principal fragile X FRAXAC1-DXS548 haplotype 42-50. In Arratia valley, gray zone alleles (X35 CGG repeats) had the highest frequency among the Basque sample analyzed, and they were associated with anchoring AGGs, with the longest 3 0 pure repeats (X20), with the 5 0 instability structure 9+n and with one 'normal' FRAXAC1-DXS548 haplotype 38-40 (these data from Arratia suggest the existence of a 'protective' haplotype). By using the data in conjunction with previous findings from the general Basque sample previously analyzed (Arrieta et al, 1999b) , we demonstrate, on the one hand, differences between Markina and Arratia in factors implicated in CGG repeat instability and, on the other hand, a great similarity between Markina valley and the general Basque sample.
Our data suggest that no common ancestral X chromosome is associated with the Basque populations analyzed. Our findings imply that the fragile X region and the analyzed haplotypes cannot be traced back to a single founder.
